suggests that off-site transport of pyrethroids is probably mediated by sediment movement. Therefore, to under-
entering a downstream water body, but also the form at 20؇C. The long persistence was probably caused by the strong and hence the bioavailability of the runoff-borne pollutpesticide adsorption to the solid phase. The significant enrichment, ant. So far nutrients have been the subject of most studalong with the prolonged persistence, suggests that movement of pyreies on sediment enrichment, and few studies addressed throids to the surface water may be caused predominantly by the pesticide enrichment during runoff (Ghadiri and Rose, chemically rich fine particles. It is therefore important to understand 1991).
the fate of sediment-borne pyrethroids and devise mitigation strategies
Earlier compounds from the pyrethroid class were to reduce offsite movement of fine sediment.
known to be relatively unstable due to their susceptibility to photodegradation. The newer pyrethroids, such as bifenthrin, however, generally have enhanced envi-R unoff of agrochemicals during storm and irrigaronmental stability. The persistence of pyrethroids has tion events is of significant concern from the standbeen well studied in soil, but is poorly characterized in point of surface water quality. Delivery of pesticides sediment. Knowledge on pesticide persistence in the into the surface water via runoff may contribute to acute sediment along a runoff path is critical for predicting or chronic ecotoxicological effects (Gilliom, 2001) . Earthe likelihood and also magnitude of pesticide export lier studies show that transport of agrochemicals in runto a downstream water body. off to the surface stream is facilitated primarily by sediIn this study, spatial distribution and enrichment of ment movement, and sediment-bound nutrients may bifenthrin (BF) and permethrin (PM) were determined account for up to 90% of the total amount transported in in the sediment phase along a 260-m runoff path, and runoff (Schuman et al., 1973a (Schuman et al., , 1973b . In recent studies, pesticide persistence in sediment was evaluated under residues of pyrethroids were found to move with runoff both aerobic and anaerobic conditions. According to into surface streams (Werner et al., 2002; the California Department of Pesticide Regulation, PM 2004). Pyrethroids are widely used insecticides in both was the most used pyrethroid in California in 2002, with agricultural and urban settings, and their use may fura total annual consumption of 1.74 ϫ 10 5 kg (active ther increase as the use of organophosphate insecticides ingredient) (California Department of Pesticide Reguis restricted. Pyrethroids usually have high toxicity to a lation, 2004). The use of BF is mandatory for fire ant wide range of water column and benthic aquatic organcontrol in the nursery production in southern California. isms (Hill, 1989) . Their strong affinity for the solid phase Both PM and BF have acute toxicity to Ceriodaphnia dubia and Daphnia magna, two freshwater invertebrates nursery located near Irvine, California. Sediments were collected from the 0-to 5-cm surface layer into glass jars and † Organic carbon content ‡ Cation exchange capacity.
immediately transported to the laboratory. After processing, the sediment samples were analyzed for textural and chemical properties by the University of California's Division of AgMillville, NJ), and 5 mL of deionized water was added to ricultural and Natural Resources Analytical Laboratory in immerse the sediment. The sediment layer was about 2 cm Davis, California (Table 1) .
deep, and the overlaying water layer was about 1 cm deep. The samples were loosely covered with aluminum foil, and incubated at 4 Ϯ 1ЊC in a refrigerator, or at 20 Ϯ 1ЊC in an
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incubator. The incubation experiment continued for 365 d, Aliquots of the sediment samples were air-dried and then during which time water loss from the sample vials was periodipassed through a 1-mm sieve. The air-dried sediments were cally checked and compensated by addition of deionized water. used for analysis of BF and PM in the whole sediment along Given the small sample size and that the samples were conthe runoff path and for determining in situ adsorption coeffistantly exposed to the ambient air, it was assumed that aerobic
). A two-step extraction procedure was used, conditions were maintained during the experiment. Duplicate from which the aqueous phase (C w ) and adsorbed phase (C s ) samples were removed after different times of incubation, and concentrations were quantified. Briefly, 5.0 g (dry weight stored in a freezer (Ϫ21ЊC) before analysis. For extraction, equivalent) of sediment was placed in a 250-mL glass centrithe sediment was quantitatively transferred to a 250-mL glass fuge bottle and mixed with 200 mL of 0.01 M CaCl 2 solution centrifuge bottle using 50 mL of hexane-acetone (1:1, v/v) at high speed for 24 h on a mechanical shaker. The sediment as the rinse solution. The sample bottles were mixed on a slurry was centrifuged at 1300 ϫ g for 20 min to separate the mechanical shaker at high speed for 1 h, and then centrifuged aqueous and solid phases. The solution was decanted into a at 1300 ϫ g for 20 min. The same extraction procedure was 1-L glass separatory funnel and was extracted with 50 mL of repeated for one additional time, and the solvent extracts were ethyl acetate by manual mixing for 2 min. The solvent phase combined. The solvent phase was passed through a layer of was collected, and the remaining aqueous phase was extracted anhydrous sodium sulfate (about 60 g) in a funnel to remove for two additional times with fresh solvent. The solvent exthe residual water, and the final extract was adjusted to 100 mL tracts were combined, dried with 50 g of anhydrous sodium for GC analysis. Preliminary experiments showed that the sulfate, and then concentrated to near dryness on a rotary above extraction method gave Ͼ90% recovery for BF and evaporator at 60ЊC. Pesticide residues were reconstituted in PM in the sediment. 5.0 mL of hexane-acetone (1:1, v/v), and an aliquot was trans-
The anaerobic incubation experiment was performed conferred to an autosampler vial for analysis by gas chromatogracurrently using a similar protocol, but under anaerobic condiphy (GC) to determine the aqueous phase concentration C w tions. Briefly, 5.0 g (dry weight equivalent) of wet sediment (g L Ϫ1 ). Preliminary experiments showed that the liquidwas placed in a 20-mL glass vial and immersed with 5 mL of liquid partition method gave Ͼ90% recovery for BF and PM deionized water that was previously purged with nitrogen. in spiked samples. The sediment phase was quantitatively Sample vials in racks were transferred into a collapsible film transferred to a 50-mL Teflon centrifuge tube, and was mixed chamber (Instruments for Research and Industry, Cheltenwith 5 g of anhydrous sodium sulfate and 10 mL of hexaneham, PA), which was inflated with nitrogen. After 7 d of acetone (1:1, v/v) at high speed for 2 h. After centrifugation at 1300 ϫ g for 20 min, an aliquot of the solvent extract acclimatization, all sample vials were sealed with aluminum was used for GC analysis to determine the adsorbed phase caps and Teflon-faced butyl rubber septa while remaining concentration C s (g kg Ϫ1 ). Preliminary experiments showed inside the anaerobic chamber. The samples in the chamber that the above extraction method gave Ͼ95% recovery for were kept at 4 Ϯ 1ЊC in a refrigerator, or at 20 Ϯ 1ЊC in an BF and PM in spiked soil or sediment samples. Three repliincubator. Duplicate samples were removed after different cates were used for each sediment sample. The measured C s time intervals and stored in a freezer before analysis. The and C w were combined to derive the total concentration C same procedure as described for the aerobic experiment was (g kg
Ϫ1
). The C w and C s values were further used to calculate used for extraction and analysis of BF and PM in the sediment.
Chemical Analysis Incubation Experiments
A Model 6890N GC system equipped with an electron capDegradation of BF and PM was determined using the preture detector (ECD) (Agilent Technologies, Palo Alto, CA) viously contaminated sediments from three locations (104, was used for the detection and quantification of BF and PM. 145, and 210 m) along the runoff path. Incubation was conAn HP-5 column (30 m ϫ 0.32 mm ϫ 0.25 m) was used with ducted under simulated aerobic or anaerobic conditions, and helium as the carrier gas at 2.1 mL min Ϫ1 (Hewlett-Packard, at 20 or 4ЊC. The fresh sediments were drained off of free Palo Alto, CA). The other GC parameters were as follows: water and thoroughly mixed with a spatula. After analysis of inlet temperature, 250ЊC; detector temperature, 300ЊC; oven water content, the wet sediments were used directly without temperature, initially 150ЊC for 1.0 min, ramped to 280ЊC at air drying to preserve some of the original microbial activity.
15ЊC min Ϫ1 , and kept at 280ЊC for 5.0 min; and injection volFor the aerobic incubation experiment, 5.0 g (dry weight equivalent) of wet sediment was placed in a 20-mL glass vial (Wheaton, ume, 1.0 L. Samples were introduced in the splitless mode. (Table 3) . Very large K d values were obtained for both The sediment samples were taken from a concrete-BF and PM, validating that these compounds have exlined channel receiving surface runoff from a large comceptionally high affinity for sediment. For the same locamercial nursery, where products of BF and PM had tion, K d followed the order BF Ͼ cis-PM Ͼ trans-PM been continuously used for ant control in plant contain- (Table 3 ). For the same compound, the measured K d ers. The pesticides were typically incorporated into the invariably increased with the distance from the sedimenpotting mix before seeding or transplanting. The intentation pond (Table 3 ). Using the pond as a reference sive irrigation as required for nursery production repoint, K d for BF increased by approximately 8 times at sulted in widespread surface runoff, which carried ingre-104 m, and by 22.7 to 43.9 times after 145 m. Increases in dients of the potting mix (i.e., sand, silt, and organic K d were also observed for PM isomers. Greater increases matter) and pesticides, first to a sedimentation pond in K d over distance occurred for BF than for PM isomers and then through the drainage channel before the runoff (Table 3) . Overall, the relative increases in K d followed water was discharged. It was observed that as the runoff the order BF Ͼ cis-PM Ͼ trans-PM (Table 3) . water moved through the sedimentation pond and the Concurrent to increases in ER and K d in the sediment drainage channel, suspended solids settled out under phase, sediment organic carbon content (OC) and clay gravity and gradually formed a sediment layer along the content also increased with distance from the source. runoff path.
The ER for sediment OC increased to 3.6 at 104 m, and In this study, distribution of BF and PM in the sedifurther to 7.0 to 9.8 after 145 m. The ER for sediment ment bed was examined along the drainage channel, clay fraction also increased to 3.8 to 4.6 for the 145-using the sedimentation pond as the source point. Distrito 210-m section. This analysis suggests that sediment bution of BF and PM isomers in the sediment as a movement in the drainage channel was a selective profunction of sediment location is summarized in Table 2. cess, in which organic matter and chemical-rich fine Pesticide concentrations generally increased with inparticles transported downstream preferentially in relacreasing distance downstream from the source. For intion to the organic matter and chemical-poor large partistance, while BF concentration was 0.33 mg kg Ϫ1 in the cles. The selection may be attributable to size selection sedimentation pond, it increased to 2.27 mg kg Ϫ1 at caused by gravity driven sediment settling. It is also 104 m downstream from the source, and further to 8.47 likely that the impact of water movement may have to 10.64 mg kg Ϫ1 at 145 m and beyond (Table 2) . Similar caused breakdown of large aggregates, and that the disdistribution patterns were also observed for cis and trans aggregated fine particles and organic matter traveled isomers of PM. Using the concentration for the sedimenfurther downstream. Linear regression between the totation pond as the reference value, the relative enrichtal pesticide concentration and sediment OC or clay ment ratio (ER) was calculated for the different locacontent showed that distribution of BF in the sediment tions. Assuming ER was 1.0 for the sedimentation pond, was closely correlated with sediment OC (r 2 ϭ 0.98) or ER for BF increased to 6.9 at 104 m, and further to 25.7 clay content (r 2 ϭ 0.96). Distribution of PM isomers in to 32.2 after 145 m. The ER for cis and trans isomers of PM the sediment phase was also dependent on sediment also increased with increasing distance from the source, OC or clay content (r 2 ϭ 0.50-0.79). Regression between although at rates smaller than those for BF ( Table 2) .
Measurement of pesticide concentrations in the aque-K d and sediment OC and clay contents yielded moder- (Sharpley, 1980 (Sharpley, , 1985 Avnimelech and McHenry, and Chironomus tentans decreased with increasing sediment OC content. Therefore, pesticide enrichment dur-1984; Wan and El-Swaify, 1998) . The ER was found to generally decrease with rainfall intensity and sediment ing sediment movement must be evaluated along with pesticide bioavailability. As evident from this study, sedexport rate, but increase with time and distance (Wan and El-Swaify, 1998 ). Ghadiri and Rose (1991) found iment is probably the predominant carrier for compounds such as BF and PM. Therefore, sedimentationthat the outer coat of soil aggregates contained chlorinated insecticides at levels significantly higher than in based mitigation practices may be valuable for reducing surface water contamination by pyrethroids through the inner core, and that peeling off of the outer layer during runoff contributed to pesticide enrichment in runoff. As demonstrated by Kabashima et al. (2003) , such mitigation practices may include sedimentation traps, eroded sediment.
Enrichment of pyrethroids during runoff may have sedimentation ponds, vegetative filters, and use of flocculants to cause settling out of suspended solids. Because several important implications. First, although the concentration of a pyrethroid compound in the source may sedimentation ponds or similar practices are effective only at retaining large particles, practices aiming at reducbe low, the significant enrichment potential may result in high pesticide levels entering the surface water during ing transport of fine particles may be essential for preventing pyrethroids from entering surface water streams. irrigation or storm induced runoff. In a recent study, detected residues of several pyrethroids in the sediment from waterways in the agriculPesticide Persistence in the Sediment Phase ture-dominated Central Valley of California. This finding Persistence of BF, cis-PM, and trans-PM was meaappears to contradict the assumption that pyrethroids are sured in previously contaminated runoff sediments under generally immobile in the environment due to their different oxidation (aerobic and anaerobic) and temperastrong adsorption to soil. Formation and transport of ture (4 and 20ЊC) conditions. The dissipation of pesticide chemically enriched fine particles during runoff as obresidues over time was fitted to a first-order decay model served in this study may offer an explanation to the to estimate the first-order rate constant k (d Ϫ1 ) and halfrecent pesticide detections. It must be noted that allife (t 1/2 ) ( Table 4 ). The fit was generally good for the though pyrethroids were enriched in the sediment phase aerobic incubation treatments at 20ЊC and anaerobic over distance, it was observed that sediment accumulaincubation treatments at both 4 and 20ЊC, as shown for tion in terms of mass quickly decreased along the chan-BF in Fig. 1 and PM isomers in Fig. 2 , but poor for nel. Therefore, the net export of sediment-borne pysome of the aerobic treatments at 4ЊC, probably due to rethroids to a downstream receiving waterbody may be the very slow degradation. Under aerobic conditions, limited unless under extreme conditions (e.g., after a noticeable differences in persistence were observed behigh-intensity rain storm). On the other hand, bioavailtween the different pesticides, and at different incubaability of a chemical is known to correlate inversely with tion temperatures. At 20ЊC, BF exhibited similar persisits adsorption in the environmental media. The significant tence in the different sediments ( Fig. 1) , with t 1/2 ranging increases in K d over a short distance as observed in this study suggest that although the total pesticide concenfrom 428 to 483 d, or 12 to 16 mo. Degradation of PM isomers under the same conditions was significantly faster than that of BF (Fig. 2) . The t 1/2 of cis-PM in the sediments was 98 to 142 d (or 3 to 4.7 mo), and that of trans-PM was 60 to 312 d (or 2 to 10 mo). At 4ЊC, persistence of both BF and PM was significantly prolonged. The t 1/2 of BF increased to 764 to 1950 d (or 25 to 65 mo), which represented an increase of 1.6 to 4.5 times as compared with the same treatments at 20ЊC. The t 1/2 of both PM isomers also increased significantly, moderate persistence in the sediments at 20ЊC, BF was highly persistent. The persistence of both BF and PM al., 1987) . Therefore, the fact that the sediment samples was greatly prolonged at 4ЊC. used in the incubation experiment contained aged pestiDegradation of BF was generally enhanced under cide residues from previous contamination may have anaerobic conditions when compared with the aerobic contributed to the generally long t 1/2 values observed in treatments (Table 4 ). The t 1/2 of BF was 251 to 498 d this study. Soil microorganisms have been commonly (or 8 to 16 mo) for treatments at 20ЊC, and 277 to 470 d (or found to be involved in degradation of pyrethroids in 9 to 16 mo) for treatments at 4ЊC. However, degradation soil, and bacterial degraders have been isolated from of cis-PM was consistently inhibited under anaerobic various soil sources (Kaufman and Haynes, 1977 ; Khan conditions when compared with the aerobic treatments, et al., 1988; Maloney et al., 1988; Grant et al., 2002) . with t 1/2 extended to 209 to 380 d (or 7 to 13 mo) at 20ЊC, For instance, bacteria strains capable of degrading PM, and to 148 to 450 d (or 5 to 15 mo) at 4ЊC. Inconsistent deltamethrin, and cypermethrin have been isolated, and effects were observed for trans-PM. While the t 1/2 was t 1/2 values from a few days to a few weeks have been considerably shorter at 4ЊC, it remained approximately observed when the degraders were used to transform the same at 20ЊC. For most of the pesticide-sediment these compounds in solution media (Kaufman and combinations, temperature had little effect under anaerHaynes, 1977; Khan et al., 1988; Maloney et al., 1988 ; obic conditions. Therefore, the effect of oxidation state Grant et al., 2002) . In a recent study (Lee et al., 2004) , on pesticide persistence in the sediments appeared to a large number of bacteria strains capable of degrading be pesticide specific. Overall, the selected pyrethroids BF and PM were enriched from the same sediments as exhibited moderate to long persistence in the sediments used in this study. In solution media, selected bacteria under either aerobic or anaerobic conditions. strains were shown to effectively degrade both comPrevious studies on persistence of pyrethroids were pounds, with t 1/2 ranging from 1.3 to 5.5 d for BF, and mostly limited to soil. The soil t 1/2 reported by the manufrom 1.5 to 3.3 d for PM isomers (Lee et al., 2004) . facturer was 30 d for PM under aerobic conditions, 108 d
However, it was also observed that in the presence of for PM under anaerobic conditions, and 95 d for BF sediment, the ability of the same bacteria for degrading under aerobic conditions (Wauchope et al., 1992) . Many BF or PM was greatly inhibited, and the inhibition was studies show that as the contact time increases, certain attributed to the strong adsorption of these compounds organic compounds become increasingly recalcitrant to to the sediment phase. Many other studies also show that microbial degradation of hydrophobic compounds biodegradation in the environment (e.g., Steinberg et 
